Materials Science and Engineering B 177 (2012) 327-336

journal homepage: www.elsevier.com/locate/mseb

Contents lists available at SciVerse ScienceDirect

Materials Science and Engineering B

The origin of hematite nanowire growth during the thermal oxidation of iron

Lu Yuan?, Yigian WangP, Rongsheng Cai®, Qike Jiang¢, Jianbo Wang¢, Boquan Li¢, Anju Sharma¢,

Guangwen Zhou®*

2 Department of Mechanical Engineering & Multidisciplinary Program in Materials Science and Engineering, State University of New York, Binghamton, NY 13902, United States

b The Cultivation Base for State Key Laboratory, Qingdao University, Qingdao 266071, China

¢ School of Physics, Center for Electron Microscopy and MOE Key Laboratory of Artificial Micro- and Nano-Structures, Wuhan University, Wuhan 430072, China
d Materials Science and Engineering Program, Worcester Polytechnic Institute, Worcester, MA 01609, United States
¢ Small Scale Systems Integration and Packaging Center, State University of New York, Binghamton, NY 13902, United States

ARTICLE INFO ABSTRACT

Article history:

Received 29 July 2011

Received in revised form

19 November 2011

Accepted 23 December 2011
Available online 9 January 2012

The oxidation of Fe in pure oxygen between 400 °C and 600 °C has been investigated in order to obtain
insight into the mechanism of the spontaneous formation of a-Fe,03 nanowires. By varying the oxida-
tion temperature, Fe can be oxidized to form Fe,03/Fe;04/FeO/Fe or Fe,03/Fe;04/Fe layered structure,
followed by hematite nanowire growth on the outer layer of hematite (Fe,0s). It is observed that Fe;03;
nanowires have a bicrystal structure and form directly on the top of the underlying Fe,05 grains. It is

shown that the compressive stresses generated by the volume change accompanying the Fe,03/Fe304
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interface reaction stimulate Fe, O3 nanowire formation and that the Fe, O3 nanowire growth is via surface
diffusion of Fe cations supplied from the outward grain boundary diffusion through the Fe, 03 layer. This
principle of nanowire formation may have broader applicability in layered systems, where the stress
gradient in thin layers can be introduced via solid-state interfacial reaction or other means.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Hematite (a-Fe,03) is the most stable iron oxide under ambient
conditions. It is a semiconductor with a band gap of 2.1 eV, and has
high resistivity to corrosion and low toxicity [1]. A significant effort
has been focused on synthesis of nanostructured a-Fe, O3 due to its
great potential for a wide range of applications, including serving
as catalysts [2], gas sensors, electrode materials [3], and magnetic
recording media [4]. Because of its technical simplicity, the ther-
mal oxidation of iron in an oxygen containing atmosphere has
recently received considerable attention as an effective approach
for large-scale synthesis of high-quality a-Fe; O3 nanowires (NWs)
[5-16]. The phenomenon of oxide NW formation from the oxida-
tion of metals is not limited to Fe, similar dense populations of oxide
NWs (or whisker, blades, belts) have been extensively described
in the oxidation of other metals such as Cu [17-21] and Zn [22].
Oxide whisker growth in relation with metal oxidation has long
been observed; however, a satisfactory growth mechanism for the
formation of these one-dimensional oxide structures has not yet
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been established. The required experimental evidence to sustain a
specific growth mechanism is still very few.

Several mechanisms have been invoked to account for the one-
dimensional oxide NW growth as schematically shown in Fig. 1.
(a) Evaporation and condensation [23,24], (b) fast internal diffu-
sion along a tunnel centered on the core of a screw dislocation
[25,26], and (c) surface diffusion along the sides of nanowires [27].
It is now widely accepted that the first of these does not apply
for obvious reasons of the requirement for the formation of highly
volatile species, which usually does not occur for the intermedi-
ate oxidation temperatures at which hematite nanowires grow.
In light of recent electron microscopy observations revealing that
a-Fe; 03 NWs have a bicrystal or single crystal structure (i.e., no
hollow pipe present along the axial core of NWs), the scenario of
the fast internal diffusion mechanism is also debated [9,10,28,29].
By examining CuO NW growth during the oxidation of Cu, we have
shown recently that the compressive stresses generated from the
CuO/Cu,0 interfacial reaction serves as the driving force to stim-
ulate CuO NW growth, where the surface diffusion of Cu cations
on the NW sidewall controls the NW uniaxial growth Kkinetics
[30,31]. In the present work we present a systematic investigation
of Fe; 03 NW growth during the oxidation of Fe. Our results indicate
that the driving force for hematite NW formation is related to the
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Fig. 1. Comparison of the various mechanisms proposed for oxide nanowire growth during the oxidation of metals: (a) evaporation and condensation; (b) internal diffusion
along the core of a screw dislocation; (c) surface diffusion along the sidewall of a nanowre.

compressive stresses generated by the Fe;03/Fe304 interfacial
reaction and the one-dimensional growth kinetics is governed
by the surface diffusion of Fe, whereby demonstrating a greater
universality of the principle of stress-driven oxide NW formation
during the oxidation of metals.

2. Materials and methods

High-purity iron foils (99.99% purity) are first thoroughly rinsed
with deionized water followed by ultrasonication in acetone for
5min. The cleaned iron substrates are then placed on a substrate
heater in the vacuum chamber and the sample temperature is mon-
itored using a K-type thermocouple in contact with the sample
heater. The chamber is pumped to vacuum (~2 x 10~6 Torr), and
then filled with 200 Torr oxygen pressure (the purity of oxygen is
99.999%). The chamber is then sealed and the Fe sample is heated
to the desired temperature (400°C and 600°C) at 20 °C/min in the
oxygen gas. After the Fe sample is oxidized for different durations
(from 30min to 4h), it is then cooled down in the same oxy-
gen atmosphere to room temperature at the rate of ~10°C/min.
Growth morphology and chemical composition of the oxidized
samples are examined using a field emission scanning electron
microscopy (FEG-SEM, FEI Supra 55VP), atomic force microscopy
(AFM), and X-ray photoelectron spectroscopy (XPS). Length and
diameter of hematite NWs are measured from cross-sectional SEM
images. Cross-sectional transmission electron microscopy (TEM)
specimens are made from the oxidized Fe foils. The microstruc-
tures and crystallographic orientation of grains of multi-layered
FeO/Fe304/Fe;03/Fe;03-NWs are analyzed using a JEOL2100F TEM
operated at 200 kV.

=) fﬁ.ﬁ!@h

3. Results

Oxide NWs are formed on Fe substrates for the oxidation tem-
peratures examined (400 °Cand 600°C). Fig. 2 shows representative
SEM images of the general morphology of the Fe substrates oxidized
at400°Cand 600 °C, respectively, for 1 h under the oxygen pressure
of 200 Torr. Oxide NWs are observed for both the oxidation tem-
peratures and NWs are relatively perpendicular to the Fe substrate.
It is observed that the NW density is significantly enhanced at the
higher oxidation temperature. In addition, both the NW diameter
and length increase with the oxidation temperature. At 400 °C, the
NW diameter is about 50 nm and lengths range from 100 nm to
2 pm. At 600°C, the NWs diameters vary from 50nm to 150 nm
and the average length range is about 5 pum, Oxide NWs for both the
oxidation temperatures have a tapered shape at the tip, as shown
in the inset images in Fig. 2.

SEM investigation of the cross-section part of the oxidized Fe
samples reveals the formation of different oxide layer structures
for the NW growth at the two oxidation temperatures. Fig. 3 shows
the cross-sectional SEM images of the Fe foils oxidized at 400 °C and
600 °C, respectively. The oxidation at 400 °C results in the forma-
tion of two oxide layers with a ~2 wm thick inner layer in contact
with the Fe substrate and a ~250 nm thick outer layer in contact
with the roots of oxide NWs. Using X-ray energy dispersive spec-
troscopy (EDS) analysis, as shown in Fig. 2(c), these oxide layers
can be easily identified as magnetite (Fe304) and hematite (Fe,03)
with Fe304 being the bottom layer and Fe,O3 being the outer
layer and the oxide NWs, respectively. The oxide scale formed at
600 °C consists of three layers with a much thicker (~5 pm) inner
FeO layer that lies directly above the Fe substrate, an intermedi-
ate Fe304 layer (~2 pm), and a thin outer Fe,03 layer (~400 nm

Fig. 2. SEM micrographs of the surface morphology of Fe substrates oxidized at (a) 400°C and (b) 600 °C for 1 h under the oxygen pressure of 200 Torr.
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Fig. 3. Cross-sectional SEM images of Fe substrates oxidized at (a) 400 °C; (b) 600 °C; the oxidation at 400 °C results in the growth of a two-layered oxide scale structure while
the oxidation at 600 °C leads to the growth of a three-layered oxide structure; (c) EDS spectra and the compositions from the regions of A1, B1, C1, as indicated in Fig. 2a; (d)

EDS spectra and the compositions from the regions of A2, B2, C2, D2 shown in Fig. 2b.

thick) on which Fe;03 NWs are formed, as determined by EDS mea-
surements shown in Fig. 2(d). Several features can be noted from
these observations: (1) the thickness of the outer Fe, 03 layer only
changes relatively moderately from 250 nm to 400 nm, irrespec-
tive of the dramatic increase (from 2 um to 7 wm) in the thickness
of the underlying oxide layers for the higher oxidation tempera-
ture. In addition, our SEM examination of samples with different
oxidation durations reveals that the prolonged oxidation leads to
no significant changes in the thickness of the Fe,03 layer, suggest-
ing an inherent requirement for the thickness of the Fe,03 layer
for oxide NW formation during the oxidation; (2) the thin layer of
Fe, 03 is required for Fe,03 NW growth but the FeO phase in the
bottom layer is not essential; (3) the inner oxide layers (Fe304 for
oxidation at 400 °C and Fe304 and FeO at 600 °C) are composed of
coarse columnar grains perpendicular to the Fe base whereas the
outer Fe, 05 layer consists of considerably fine grains. A noticeable
trend is that the thickness and grain size of oxide layers decrease
sequentially across the oxide layers from FeO to Fe304 and then to
Fe,0s.

To confirm the formation of an a-Fe,03 phase, XPS measure-
ment was performed on the Fe samples oxidized at the two
temperatures. From Fig. 4a, we can see that the XPS spectra

obtained form nanowires formed from the two oxidation tem-
peratures exhibit the same feature, suggesting the same form of
existence of Fe and O in the two samples. The Fe2p spectra of the
oxide nanowires (Fig. 4b) show the binding energies of 724.2 (Fe
2p1/2) and 710.2 eV (Fe 2p3/2) with a shake-up satellite line at
719.2 eV, which are characteristic for Fe3* in Fe,03. The peak posi-
tions and shape of these peaks also agree well with those of the
Fe3* oxidation state reported [8,32]. The O1s peak shown in Fig. 4c
at the binding energy of 530.1eV confirms the oxidation state of
02 in the oxide, and the second broad peak feature at 531.8 eV can
be attributed to OH~ or absorbed oxygen [8].

Since growth of Fe;03 NWSs occurs on the outer Fe,03 layer,
closer-views from the interface areas between the Fe, O3 layer and
the NW root regions are made, as shown in Fig. 5a. It can be seen
that Fe,O3 NWs are formed on the top of Fe; O3 grains rather than
at grain boundary (GB) areas. To further confirm that Fe,03 NWs
are formed directly on individual Fe, O3 grains, the Fe substrate is
oxidized for a short time so that their initial growth morphology
could be observed. Fig. 5b shows a representative SEM image of a
Fe surface oxidized at 400 °C for 30 min. It is visible that the oxidized
surface consists of Fe, 03 grains and oxide NWs originate from the
top of grains. In contrast, GB regions hardly show sign of formation
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Fig. 4. XPS spectra of Fe,03 NWs: (a) wide range spectrum; (b) Fe 2p spectrum; (c) O1s spectrum.

of NWs. An instructive comparison is the occurrence of tin whisker
growth on tin plated Cu lead frames, where whiskers are extruded
from the GBs and the cross-sectional shape of whiskers is correlated
with the GB geometry at the surface [33]. As revealed from these
images, cross-sectional shapes of Fe,03 NWs show no correlation
with the GB geometry, confirming that the NW formation is not
driven by a GB extrusion process.

AFM is employed to examine the growth morphology of the
oxide nanowires. Fig. 6(a) is an AFM image showing the initial
growth morphology of Fe;03 nanowires. It can be noted that the
nanowires show a tapered shape at the tip, suggesting the taped
shape growth starts at the very beginning of the nanowire growth.
This tapered shape is maintained during the entire growth process,
as inferred from the growth morphology of long nanowires that
also show a tapered tip (i.e., the inset in Fig. 2). The nanowire sam-
ple can be also scratched off the oxidized surface and placed on a
flat substrate. Fig. 6(b) shows an AFM images taken from a single
a-Fe;03 NW lying on a silicon wafer. It can be seen that the diam-
eter of the NW is about 50 nm and is relatively uniform along the
length direction.

The microstructure and crystallographic orientations at the
interfaces between the different oxide layers are also examined
using TEM imaging and selected-area electron diffraction (SAED).
Fig. 7 shows a typical bright-field (BF) TEM image from the root
region of oxide NWs formed from the oxidation at 600 °C. As can be
seen, Fe;03 nanowires form directly on the top of Fe;03 grains,
consistent with the SEM observations. The SAED patterns from
an individual NW and its underlying grain on which the NW is

originated reveal that both the nanowire and the underlying grain
have the hematite hexagonal structure as depicted in the inset
showing diffraction patterns, where the pattern in the left-upper
inset is from the nanowire and the pattern in the left-lower inset
is from the underlying grain. The Fe,03 layer has a polycrystalline
structure with an average grain size of ~100 nm (this can be also
noted from the cross-sectional TEM images in Fig. 11). The SAED
pattern obtained from the grain right beneath the Fe,03 nanowire
shows a single crystal spot pattern. The TEM image contrast reveals
the presence of a twin boundary in the nanowire along its axial
direction. This is consistent with the SAED pattern in the left-upper
inset, which is composed of two sets of diffraction spots owing to
the bicrystal structure of the NW. It can be seen from the SAED
pattern (lower-left inset) that the Fe,03 grain has a single crys-
tal structure. Their different structure features (i.e., twin structure
occurs only in the NW) as revealed by the SAED patterns demon-
strate clearly that the formation of twin boundary in the NW is not
simply a replication of the structure of the underlying Fe, O3 grain
although the twin boundary is observed to start from the NW root
and continue into the NW along the axial direction.

The nature of the bicrystal structure of NWs is presented in more
detail in Fig. 8. Two sets of the diffraction spots can be noted in
the SAED pattern (Fig. 8b), one is along [1101] zone axis and the
other has the [0 00 1] zone axis. The diffraction pattern also reveals
that the NW grows along the [1120] direction. Fig. 8c displays a
high-resolution TEM image from the NW, which shows clearly the
presence of the twin boundary along the NW axial direction. Fourier
transform patterns (Figs. 8d and e) from the two sides of the HRTEM

Fig.5. (a) Cross-sectional SEM micrograph showing the NW root region, (b) SEM image of a Fe substrate oxidized at 400 °C for ~30 min, showing the initial growth morphology

of Fe;03 NWs.
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Fig. 6. (a) 3D AFM image of the oxidized surface showing the initial growth morphology of Fe,0; NWs formed by oxidation at 200 Torr and 600 °C for 30 min; (b) a single

a-Fe,03 NW lying on a silicon wafer.

image reveal that the left side of the NW is oriented along the Fe; 03
[1101] zone axis while the zone axis for the right side of the NW
is along the direction Fe;,03 [0001].

Fig. 9a is a BF TEM image of several grains in the Fe304 layer.
As can be noted, grain boundaries are relatively aligned and pores
or cracks are formed at some grain boundary areas. No specific
crystallographic orientation relationships can be identified among
grains in the Fe304 layer although they form a columnar structure.
SAED patterns obtained from the corresponding grains are given
in Fig. 9b. Indexing of the diffraction patterns indicate that these
grains do not form a textured structure, i.e., no common crystallo-
graphic orientations among the grains.

Fig. 10a is a BF TEM image obtained from the interface between
FeO and the Fe substrate. Large holes are formed at the FeO/Fe
interface, caused largely by the stresses generated from the sig-
nificant volume change accompanying with the oxide formation.
This is also consistent with the SEM observations, which reveal that
the oxide scales are often detached from the Fe substrate. It can be
seen that the FeO layer and Fe substrate have arough interface mor-
phology with FeO grains embedded partially into the Fe substrate,

180 nm

Fig. 7. Cross-sectional BF TEM image showing the NW root region and the underly-
ing Fe, 05 layer. Inset shows selected area electron diffraction (SAED) patterns from
the NW and the underlying Fe, 05 grain. Both the NW and grain have the hexagonal
hematite structure. The NW contrast from the closer-view image (inset) suggests
the presence of a twin boundary along the axial direction of the NW, consistent with
the SAED pattern (upper-left inset) from the NW.

suggesting that FeO grains grow into the Fe substrate during the
oxidation. Fig. 10b and c are SAED patterns from the Fe sub-
strate and a FeO grain in the oxide layer, their crystallographic
orientation relations can be identified as [01 Tlreo//101 1],
[011]geo//[01 1]ge, and (100)geo/ /(20 0)ge.

4. Discussion

Oxide NW growth during metal oxidation has been explained
by the stress-driven mechanism [17,34-36]. However, it remains
unclear how the compressive stress is generated in the oxide lay-
ers in view of the unconstrained oxide growth on the free surface
by outward diffusion of Fe cations, where the volume difference
between metal and oxides is simply reflected in the scale thickness.
Iron forms three thermodynamically stable oxides, FeO, Fe304 and
Fe,03, on the reaction with oxygen. Oxide layering can be under-
stood from thermodynamic equilibrium analysis. According to the
iron-oxygen phase diagram, the phase wustite (FeO) does not form
below 570°C [37]. Therefore, Fe oxidized below this temperature
is expected to form a two-layer structure of Fe304 and Fe,03 with
the Fe304 next to the Fe substrate. Above 570°C, the oxide layer
sequence in the scale is FeO, Fe304 and Fe,03, with the FeO layer
next to Fe. These behaviors of oxide layering are consistent with
our oxidation experiments as revealed in Fig. 3. To incorporate gas
oxygen into the oxide lattice during the growth of layered oxides,
the oxygen first chemisorbs on the Fe,03 surface by attracting an
electron from a Fe lattice site thus forming an electron hole. The
chemisorbed oxygen is fully ionized forming another hole and a
Fe3* ion enters the surface to partner the 02", thus forming another
hole and a vacancy in the cation sub-lattice. Therefore, Fe cation
vacancies and electron holes are created at the Fe,03 surface and
this occurs when O, at the Fe,05 surface utilizes Fe3* ions from the
outer Fe;03 lattice to form new Fe,03 molecules, in accordance
with the reaction [38]
2Fe + (3/2)0, < Fe;03 +6h* +2V3;, (1)
where h* represents an electron hole having an effective charge e*
and Vg3~ represents a cation vacancy having an effective negative
change of 3e~. The cation vacancies and electron holes so produced
migrate through the Fe, 03, Fe304,and FeO layers, being annihilated
finally at the FeO/Fe interface. Similarly, the phase-boundary reac-
tions at the Fe,03/Fe304 and Fe304/FeO interfaces during growth of
the Fe304 and FeO layers also generates new cation vacancies and
electron holes, which migrate through the Fe304 and FeO layer and
are annihilated at the parent metal of Fe. These defect species orig-
inate in the solid-state reactions in which the oxygen-richer layer
(i.e., Fe;03 layer) undergoes decomposition to form more oxide
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Fig. 8. (a) BF TEM image of a Fe,03 nanowire. (b) SAED obtained from the NW, indexing of the pattern reveals two sets of different points with the zone axes of [1 101] and
[000 1], respectively. (c) HRTEM image of the NW confirms the presence of the twin boundary. (d and e) Fourier transform patterns from left and right side of the HRTEM
image.

of the Fe304 layer at the Fe,03/Fe304 interface and meanwhile
the Fe304 layer undergoes decomposition to form more FeO at the
Fe304/FeO interface in accordance with the following reactions,

6Fe;03 <> 4Fe304 + 05 +2h™ + V2, (2)

(3)
where Vﬁ; represents cation vacancies in Fe304 and FeO layers.
Cation vacancies, together with electron holes h*, are produced by
the solid-state transformations for increasing the thicknesses of the
Fe304 and FeO layers, i.e., growth of the FeO layer requires decom-
position of the oxygen-richer Fe304 layer to obtain the necessary
oxygen while growth of the Fe304 layer requires decomposition
of the oxygen-richer Fe, 03 layer. All cation vacancies generated in
the reactions given by Egs. (1)-(3) eventually flow to the parent
Fe for annihilation, accompanied by an equivalent outward flow
of cations (i.e., the overall reaction is limited by the diffusion of
Fe ions through a vacancy mechanism [37]). The wustite phase,
FeO, can exist with high cation vacancy concentrations at high

2Fe304 <> 6Fe0 + 0, + 2h™ + Vi,

temperatures, and the mobilities of cations and electrons are
extremely high [37]. This explains why the FeO layer is much
thicker than the other two oxide layers. Fe304 is an inverse spinel
and has divalent ions Fe2* occupying octahedral sites and half of
the trivalent ions Fe3* occupying tetrahedral sites. Defects occur
on both sites and, consequently, Fe ions can diffuse efficiently over
both tetrahedral and octahedral sites, resulting in the much thicker
Fe304 layer than the Fe,03 layer (Fig. 3b).

The Pilling and Bedworth’s ratios (the ratio of the volume of the
metal oxide, which is produced by the reaction of metal and oxygen,
to the volume of consumed metal) for FeO, Fe304, and Fe,03, are
1.68,2.10, and 2.14, respectively [39]. Due to their different specific
volumes, the ensuring difficulties in local volume accommodation
accompanying the solid-state transformations at the Fe;03/Fe304,
Fe304/Fe0, and FeO/Fe interfaces result in generation of stresses at

the interfacial regions. Since both the Fe30,4 and FeO layers have
large thickness (>2 wm), and the stresses generated at the Fe/FeO
and Fe304/FeO interfaces can be released by a number mecha-
nisms including cracking and spalling of the oxide scales and plastic



L. Yuan et al. / Materials Science and Engineering B 177 (2012) 327-336 333

Fig. 9. (a) BF TEM image of oxide grains in the Fe;O4 layer, (b-d) SAED patterns from the grain 1, 2 and 3 in (a), respectively.

deformation of the oxide and the Fe substrate. This can be evidenced
from the formation of cracks in the FeO and Fe304 layers as well as
the frequently observed detachment of the oxide scale from the Fe
substrate, as shown in Figs. 3,9 and 10.

Fe,03 NW growth is mainly associated with the stress gener-
ation and relaxation at the Fe,O3/Fe304 interface. Fe304 grows

Fe substrate

at the expense of the thin Fe,03 layer via the continuous oxide-
forming reaction at the Fe,03/Fe304 interface. Since the specific
volume of Fe,03 is slightly larger than that of Fe;04, compres-
sive stresses are generated and accumulated in the Fe, 053 interface
region due to the volume shrinkage associated with the conver-
sion of Fe, 03 into Fe30g4. Fig. 11 shows cross-sectional TEM images

Fig. 10. (a) BF TEM image of the FeO/Fe interface region, (b) SAED pattern from the grain A in the FeO layer, and (c) SAED pattern from the grain B in the Fe substrate.
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Fig. 11. (a) BF TEM image of the Fe,03/Fe304 interface region, cracks are formed along the grain boundary regions in the Fe;04 layer; (b) closer-view near the Fe,03/Fe304
interface region revealing the intact grain structure in the Fe,03 layer; (c and d) SAED patterns confirming the crystal structures of grains as indicated by (c) and (d),

respectively, in the two oxide layers.

from the Fe;03/Fe304 interface, which reveals clearly that Fe;03
grains are intact and do not exhibit cracking while the Fe304 layer
contains pores and cracking along the grain boundaries away from
the interface area. This suggests that the stresses generated at
the Fe,03/Fe304 interface are released by a mechanism different
from that of Fe30,4/FeO and FeO/Fe interfacial reactions. Our obser-
vations have indicated that the thickness of the Fe,05 layer on
which Fe,03 NW formation occurs is about 400 nm or less (see
Figs. 3 and 11). This implies a process that sets limitation on the
thickness of the Fe,03 layer for effective relaxation of the com-
pressive stresses. Since the Fe;03 layer is very thin and has much
smaller grain sizes (and therefore more grain boundaries in the
oxide layer) than the Fe304 layer, the Fe,03 layer is believed to
provide paths to release the stress via outward grain boundary dif-
fusion, where Fe ions diffuse along grain boundaries from the region
in compression (i.e., near the Fe,03/Fe304 interface) to the outer
surface of the Fe,05 layer, which is stress free. The diffusive flux
Jgg driven by the stress gradient follows Eq. (4) [40]. Here o is the
compressive stress, Dgg is the grain boundary diffusion coefficient,
é the grain boundary width, k Boltzmann’s constant, T the absolute
temperature, €2 is the atomic volume of an Fe ion in a-Fe;03, and
s is the local spatial coordinate along the diffusion path.

_ DGB(SQ aUn
Jer = =35 ®

Fe cations diffusing along the GBs are deposited on the Fe,03
grains via surface diffusion, where existing Fe,O3 grains serve as
the structure template for Fe,03 NW nucleation. Such a process
leads to the nucleation of NWs on the top of Fe,03 grains, as evi-
denced in Figs. 5 and 7, which shows that Fe,O3 NWs are formed
on grains rather than from grain boundary regions. The NW growth
is surface diffusion driven by concentration gradients of Fe ions
between the NW root and the NW tip and grain boundary junc-
tion areas where Fe ions are delivered onto the surface via grain
boundary diffusion. Previous studies have shown that Fe,03 grows
atthe tip [41]. The tapered shape of NW tips as observed in our case
(see Figs. 2 and 6) confirm the tip growth mechanism, where arriv-
ing Fe ions via surface diffusion are incorporated into atomic steps

present near the NW tip. The bi-crystal structure of the NW origi-
nates from the surface facets of Fe; 03 grains on which Fe; 03 NWs
nucleate and grow. The crystals grown on the different facets of a
Fe, 03 grain are naturally merged together to form a twin or multi-
twin structure starting from the grain top and continuing into the
NW along the axial direction. The mass transport mechanisms and
paths of Fe diffusion to support the NW growth are schematically
shown in Fig. 12. The outward diffusion flux of Fe atoms as a con-
tinual source of Fe cations for Fe,03 NW growth continues as long
as the compressive stress in the Fe,O3 layer is maintained by the
solid-state phase transformation (i.e., Eq. (2)) at the Fe,03/Fe304
interface.

Since a fraction of Fe atoms delivered onto the outer surface of
the Fe,03 layer by GB diffusion are directly incorporated into the
Fe, 03 substrate, only the remaining Fe atoms are transferred onto
the side wall of the NW via adatom-NW exchange by surface dif-
fusion. Following the similar treatment [42-44], we have obtained
the growth kinetics of Fe,03 NWs via the surface diffusion by [30]

AR h h
= e " ot () o e ()] e
DR ) n |cos - + B~ sin - (5)

where t is the oxidation time, Dy, Ty, and A,, are the diffusivity,
diffusion time, and surface diffusion length of Fe ions on the NW,
respectively, 2 is the atomic volume of a Fe ion, n{y are the concen-
tration of Fe ions delivered by grain boundary diffusion onto the
substrate and nY, is the concentration of Fe ions at the NW tip in
equilibrium with the oxygen gas, R is the radius of the NW, h is the
NW length, and B is a parameter describing the ratios of surface dif-
fusion of Fe ions on the a-Fe, O3 substrate and along the sidewall of
an a-Fe;03 nanowire [30]. Eq. (5) gives the NW length h as a func-
tion of NW diameter R for a period of growth time t at the constant
oxidation temperature and oxygen pressure. Eq. (5) suggests that
thinner nanowires are longer than thicker ones for a fixed oxidation
time t. Fig. 13 shows the experimental NW lengths vs. the radii of
individual NWs measured from SEM images of the Fe samples oxi-
dized at 600 °C with two different oxidation durations. A scattered
distribution of the experimental data is noted and this may be due
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Fig. 12. Schematic showing the path of Fe diffusion to support the NW: Fe ions dif-
fuse outward from the Fe,03/Fe;04 interface to the free surface via grain boundary
diffusion driven by the Fe,03/Fe;0,4 interfacial reaction, followed by surface diffu-
sion from grain boundary junction areas to the NW root and then to the NW tip
driven by the concentration gradient.

to the fact that not all NWs are nucleated at the same time. The solid
curves correspond to the theoretical fitting using Eq. (4) with the fit-
ting parameters of 2Dy, 2(n° — n,)/A2, = 0.1 nm/min, 8! = 0.1,
and Ay = 2701 nm. The general trend between the experimen-
tal data and the kinetic model agrees well, i.e., thinner NWs are
longer than thicker ones. D,, cannot be determined from the fit-
ting parameter since nZ° and nY, are unknown, however, A, has a
reasonable value for surface diffusion for the elevated temperature
(i.e., 600°C).

The growth of oxide NWs or platelets has been observed from
the oxidation of many other metal and alloy systems including Cu
[17-21], Ni [45], Mo [7], Zn [22], Fe-Ni [5]. A noticeable feature for
the oxide NW formation during the oxidation is the requirement
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Fig. 13. NW lengths vs. the radii measured from individual NWs formed from the
oxidation at 400 °C for 60 min and 120 min, where solid lines are model fitting to
experimental values of the NW lengths and diameters.

for a thin oxide layer present on the outer surface. Thin layers are
known to be more intensively stressed and more readily produce
whiskers. The stress gradient occurs due to the volume changes
accompanying the interfacial reaction and acts as a thermodynamic
driving force for oxide NW growth. Besides the oxidation-induced
stress gradient, it is also noted that thermal expansion mismatch
can be employed to generate similar stress gradient between the
overlayer film and the substrate, resulting in a flux of material to
the low stress surface for nanowire growth upon heating [46-48].
These observations indicate that a similar wire growth mechanism,
i.e., stress-driven nanowire formation, may be possible in layered
systems, where biaxial compressive stresses can be introduced via
solid-state interfacial reaction (e.g., oxidation), heating, or other
means.

5. Conclusions

Iron-oxide scaling leading to hematite (a-Fe,03) nanowire
growth has been investigated in order to better understand
this specific oxide growth. The main observations and conclu-
sions can be summarized as follows: (1) Fe can be oxidized
to Fe/FeO/Fe304/Fe;03 or Fe/Fe304/Fe;,03 layered structures,
depending on the oxidation temperature. Fe, 03 NW growth occurs
for both the three-layered and four-layered structures. (2) The
driving force leading to the spontaneous Fe;03 NW formation is
attributed to the relaxation of the compressive stresses generated
from the solid-state transformation at the Fe;O4/Fe, O3 interface. Fe
atom transport occurs via grain boundary diffusion from the com-
pressed regions at the Fe,03/Fe30,4 interface region to the outer
surface of the Fe, O3 layer, which is stress free. (3) The requirement
for effective releasing the interfacial stresses sets a limit on the
thickness of the Fe;03 outer layer, which is observed to be less
than 400 nm for initiating Fe,O3 NW formation. (4) Fe;03 NWs
originate from the top of Fe; O3 grains rather than the grain bound-
aries regions, and the formation of twin boundaries is attributed
to the initial nucleation and growth stages of the NW on the dif-
ferent surface facets of the underlying Fe,03 grain. (5) Fe;03 NWs
grow at their tip, where Fe cations are supplied by the substrate-
NW adatom exchange via surface diffusion. (6) The similarity of the
oxidation-induced layered structure with other layered systems
suggests the broad applicability of the stress-driven NW formation
mechanism.
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